This paper reports the progress of three projects in the Boeing/AFOSR Mach-6 quiet tunnel at Purdue University. The first project used a 7-deg half-angle cone at 6-deg angleof-attack with temperature-sensitive paint applied to the frustum and small roughness dots added near the nosetip. Depending on the spacing of the roughness, the spacing and breakdown of the stationary vortices was altered. The second project looked at modifications to a pulsed jet perturber to reduce the perturbation duration. This was accomplished through both electronic and physical modifications to the perturber system. Shorter duration perturbations were achieved, but further progress is required. The third project measured low-frequency disturbances in the first-mode instability frequency range with Kulite pressure transducers on the surface of a cone-ogive-cylinder model. Initial measurements show that the magnitude of the low-frequency disturbance on the cone-ogive-cylinder is greatest outside the boundary layer, which may indicate an entropy-layer instability.
I. Introduction

A. Hypersonic Boundary-Layer Transition
Hypersonic transition is important for prediction and control of heat transfer, skin friction, separation and other boundary-layer properties. Vehicles that spend extended periods at hypersonic speeds may be critically affected by uncertainties in transition prediction. However, the mechanisms leading to transition are still poorly understood, even in low-noise environments. Boundary-layer transition is a complicated process. Disturbances can be created in the freestream (acoustic radiation or vorticity) or by the vehicular surface (surface roughness or waviness). 1 The disturbances enter the boundary layer through the process of receptivity.
2 Receptivity can be affected by roughness, bluntness, Mach number and other factors. These disturbances grow and may lead to turbulence, depending on the instabilities present in the boundary layer. Empirical or semi-empirical methods can be used to predict the growth of the instabilities and predict transition, 3 but these methods are not necessarily reliable for a wide range of cases. A more basic understanding of the flow physics that causes transition is needed, thereby reducing empiricism.
B. The Boeing/AFOSR Mach-6 Quiet Tunnel
The Boeing/AFOSR Mach-6 Quiet Tunnel (BAM6QT), shown in Figure 1 , is the largest operational hypersonic quiet tunnel in the world. The BAM6QT is a Ludwieg tube, consisting of a long driver tube with a converging-diverging nozzle at the downstream end. A Ludwieg tube design was chosen since it can provide high quiet Reynolds numbers while minimizing costs. The tunnel is operated by bringing the driver tube and the test section to the desired stagnation pressure and the downstream end to vacuum, separated by a set of burst diaphragms. To run the tunnel the diaphragms are burst, causing a shock wave to travel downstream and an expansion fan to travel upstream. Mach-6 flow is initiated after the expansion fan passes through the nozzle. The expansion fan reflects between the upstream end of the driver tube and the contraction, causing a quasi-static decrease in the stagnation pressure. Therefore, during any run a range of Reynolds numbers is tested.
The BAM6QT is capable of maintaining a laminar nozzle-wall boundary layer, thus producing pitotpressure fluctuations that are less than 0.05% of the mean. The BAM6QT employs several features to achieve this low noise. A suction slot is present upstream of the throat and removes the boundary layer on the contraction wall, allowing a new undisturbed laminar boundary layer to grow on the nozzle wall. The suction slot is connected to the vacuum tank through a fast valve. The fast valve can be closed to allow a turbulent nozzle-wall boundary layer to develop. The noise levels with a turbulent nozzle-wall boundary layer are on the order of 3%, similar to conventional hypersonic tunnels. The tunnel also features a long nozzle to damp the effect of the Goertler instability, a highly polished throat and nozzle, and high-quality air filters to reduce airborne particulate. 
II. Crossflow Instability and Transition on a Cone at Angle of Attack
There are several instabilities that can cause transition in a three-dimensional boundary layer, including the centrifugal, streamwise, and crossflow instabilities. For an axisymmetric cone in hypersonic flow pitched at an angle of attack, a circumferential pressure gradient is created due to a stronger shock near the windward ray. The circumferential pressure gradient causes the inviscid streamlines to be curved. In the boundary layer, there is an imbalance between the pressure gradient and the centripetal acceleration because the streamwise velocity is reduced near the wall, but the pressure gradient does not change. This imbalance causes a secondary flow (crossflow) in the boundary layer perpendicular to the inviscid streamlines. Crossflow must vanish at the wall and the edge of the boundary layer, creating an inflection point in the crossflow velocity profile. 4 Crossflow is thus inviscidly unstable and manifests as co-rotating vortices centered around the inflection point. Crossflow waves can be either travelling or stationary with respect to the surface. It has been verified experimentally for low speeds that the stationary waves tend to dominate in low-disturbance environments such as in flight or in low-noise tunnels, while the travelling waves tend to dominate in highdisturbance environments such as conventional tunnels. 5 The stationary waves appear to be sensitive to small roughness placed near the wave's neutral point. Both Saric et al. (at low speeds) and Corke et al. (at supersonic speeds) have had much success in using discrete roughness elements to control the stationary vortices. 4, [6] [7] [8] Depending on the spacing of the roughness, certain stationary vortex wavelengths could be forced, and crossflow-induced transition could delayed.
A. Results
Tests were performed in January 2013 to obtain global heat transfer from the temperature-sensitive paint on a 7
• half-angle cone at 6
• angle of attack. TSP is calibrated to heat transfer using a Schmidt-Boelter heat transfer gauge. A more detailed description of the calibration method is given in Reference 9. Discrete roughness elements were placed around the azimuth, 2.0 inches from the nosetip, near the neutral point of the most unstable stationary modes according to calculations by Li et al. 10 The discrete roughness elements were created by pressing a conical stainless steel rod into a Torlon section of the cone, similar to the roughness elements used by Schuele.
8 Three different Torlon sections were manufactured, one with no dimples, one with 50 dimples (spaced 7.2
• apart), and one with 72 dimples (spaced 5
• apart). The roughness elements had an approximate depth of 30 µm, a height of 10 µm and a diameter of 300 µm. Preliminary results with the roughness elements were shown in Reference 11.
To determine if the stationary vortices are being created by the roughness elements, the cone was rotated approximately 10
• . If the stationary vortices roll with the cone, then they are body fixed. The 50-dot case is shown in Figure 2 The 72-dot case was also examined to determine if the stationary vortices are body fixed. Spanwise heat transfer is plotted in Figure 3 . The peaks and valleys of the stationary vortices appear to agree fairly well with each other, but there is some discrepancy near [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] • from the lee ray. The cause of this discrepancy is not known. Comparing the 50 and 72-dot case, there is a different pattern of stationary vortices being generated. Therefore from these tests, the dimples near the nosetip appear to be generating stationary vortices.
Additional experiments were performed in May 2013 with the leading edge of the paint moved much further downstream on the cone. In previous experiments, the paint would begin approximately 3 inches from the nosetip. For the experiments shown below, the paint began at approximately 13 inches from the nosetip, as suggested by Dr. Meelan Choudhari of NASA Langley. This was done to minimize the effect the paint edge and the painted surface has on the generation of the stationary vortices (by moving the paint much further downstream of the neutral point of the most amplified stationary waves). The paint edge had a slope of 10 µm/mm. The painted surface had an RMS roughness of 0.16 µm, and the machined-finished surface of the cone had an RMS roughness of 0.07 µm.
TSP images with no roughness, 50 roughness dots and 72 roughness dots around the azimuth are shown in Figure 4 at a Reynolds number of approximately 10.5×10
6 /m. It appears that each case is producing a different spacing of the stationary vortices. As was seen in previous experiments, 11 it appears that the stationary vortices are breaking down near the lee ray for the smooth and 72-dot case. The vortices do not appear to break down for the 50-dot case. Spanwise heat-transfer profiles are taken for the three cases at The data with the paint edge beginning 13 inches from the nosetip can be compared to data with the paint edge beginning approximately 3 inches from the nosetip. The data with the paint edge beginning 3 inches from the nosetip was presented in Reference 11, and is shown below in Figure 6 . Clearly there is a difference in the stationary vortices comparing the TSP images in Figure 6 to the TSP images in Figure 4 . The difference can be seen more clearly in Figure 7 , which shows spanwise heat transfer profiles at an axial distance of 0.35 m with the paint edge 3 and 13 inches from the nosetip. It appears that although that the step at the leading edge of the paint is small, it is still having a significant effect on the generation of the stationary vortices. All three cases create much different patterns of stationary vortices with the paint edge moved much further downstream. Therefore future tests should have the paint edge as far downstream as possible to reduce the effect of the paint edge and the painted surface on the generation of the stationary vortices. Nonetheless, the new data shows that the applied roughness elements may be dominating the generation of the vortices. This result is crucial, as now the important geometrical parameters of the roughness elements and their effect on the stationary vortices can be identified. Future work will begin to look at the effect of larger and smaller roughness (2-inches from the nosetip) on the generation and breakdown of the stationary vortices. Much of the hypersonic regime is dominated by fast-growing second-mode instabilities. A method for measuring the second-mode instability with robust surface transducers has been used successfully in various conventional and quiet hypersonic tunnels. 12, 13 However, blunt vehicles and other configurations where the edge Mach number is lower are also susceptible to first-mode instabilities. One recent example of a firstmode-dominant design is the entry vehicle for the Mars Science Laboratory. Computations of the vehicle design showed the dominance of first-mode instabilities and correlated them to transition measurements from ground tests. However, actual experimental measurements of the first-mode instabilities were not made.
14 Experimental measurements of first-mode instabilities are limited, fairly inconclusive, and have predominantly used fragile sensors, such as hot-wire anemometers. [15] [16] [17] [18] [19] [20] [21] [22] Recent measurements on a cone at angle of attack in the Mach-6 tunnel at Braunschweig provide showed probable first-mode instabilities using robust sensors. 23 However, an axisymmetric design is necessary to develop a process of designing for and measuring the first-mode instability in multiple tunnels. Three-dimensional computational analysis would make the process much too challenging for broad implementation.
An additional characteristic of blunt models is the entropy layer created by the shock curvature. Experimental measurements of entropy-layer instabilities are very limited. Little is understood about these instabilities and the effect they may have on boundary-layer transition. In one report, Stetson et al. followed an entropy-layer instability by measuring the location of peak energy at each axial location from its beginning outside of the boundary layer until it was swallowed in the boundary layer. They discovered that the entropy-layer disturbances grew slowly outside the boundary layer, diminished slightly as they entered the boundary layer, and then proceeded to grow rapidly inside the boundary layer. 24 As with the first-mode instability, experimental measurements of the entropy-layer instability are required to understand the physics and to develop mechanism-based prediction methods. The cone-ogive-cylinder design being used for experiments in the BAM6QT has large leading-edge angles in order to reach the low edge Mach numbers where first-mode instabilities become dominant. These large angles also result in significant shock curvature, which creates an entropy layer. A numerical analysis by Reshotko and Khan showed that instabilities within the entropy layer are similar to first-mode instabilities calculated for a supersonic boundary layer. 25 Because of the similarity of first-mode and entropy-layer instabilities, care must be taken to distinguish between the two instabilities. The power spectra of initial measurements taken on the surface of the cone-ogive-cylinder in the BAM6QT showed disturbances in the predicted first-mode instability range, but these disturbances did not show all the expected characteristics of a first-mode instability. Off-surface measurements were made using a pitot probe to determine the identity of the disturbance. 
B. Computational Setup
Mean flow and stability calculations were performed on a series of geometric configurations in an effort to find the design that would provide the best opportunity to measure first-mode instability waves in the BAM6QT. 11 The mean flow was calculated under BAM6QT operating conditions using Stability and Transition Analysis for Hypersonic Boundary Layers (STABL). STABL is a two-dimensional/axisymmetric, Navier-Stokes solver developed at the University of Minnesota that uses implicit Data-Parallel Line Relaxation (DPLR). The stability analysis was completed using PSE-Chem which solves the parabolized stability equations and predicts the N factor for each instability mode in the boundary layer.
26, 27
C. Computational Results
One of the axisymmetric geometries designed was a cone-ogive-cylinder as shown in Figure 8 . This design consists of a large leading-edge half-cone angle which decreases the edge Mach to just below Mach 5, at which point the stability analysis shows the first-mode instability becomes more amplified than the second-mode instability. The half-cone angle required for this to happen in the BAM6QT is between 25 and 30 degrees. Figure 9 shows the stability results for the cone-ogive-cylinder with a 30-degree nosetip under BAM6QT conditions with a total pressure of 160 psia. Under these conditions, the maximum first-mode N factor, shown as the black dot-dashed line, is predicted to be about 3 at 0.6 meters downstream. The predicted frequency and wave angle at this location are about 17 kHz and 69 degrees respectively. At this same location, the maximum second-mode N factor is about 2. As the operating pressure decreases to 80 psi, the predicted maximum first-mode N factor decreases to about 1.5 at a frequency of about 10 kHz. Previous experimental second-mode instability measurements have been made in a conventional tunnel at predicted N factors as low as 2.3. 
D. Experimental Setup
The cone-ogive-cylinder design was constructed in the AAE department machine shop. The nosetips were made of stainless steel and the afterbody was made of 6061-T6 aluminum. The model is 1-meter long with a 5-cm diameter. This model is shown with a 30-degree half-angle nosetip in Figure 10 .
The sketch in Figure 11 shows the pressure transducer port locations for inserting Kulite XCQ-062-15A Additionally, pitot probes have been used to take pressure measurements away from the surface of the model. The goal of these measurements was to determine if the amplified low frequencies from the initial experiments were first-mode or entropy-layer waves. One of the pitot probes which has been used is shown in Figure 13 . Axial positioning of the pitot Kulite sensor can be made between runs, and a traversing system with a linear motor allows for vertical displacement during the run.
E. Experimental Results
Low-frequency power spectra from the flush-surface Kulite pressure transducer at 0.58 meters are shown in Figure 14 . The spectra over a range of tunnel conditions show a peak at a frequency of just around 22 kHz, near the predicted maximum first-mode frequency of 17 kHz. The power spectra results obtained at 0.61 and 0.71 meters also show peaks at 22 kHz. At each location, the magnitude of the disturbance decreases as the pressure decreases. However, the frequency of the peak does not decrease as predicted for the first-mode instability. To verify that the measured low-frequency disturbance was not due to model vibrations or electronic interference, one of the sensors at 0.61 meters was isolated from the flow by covering it with tape as shown in Figure 15 . Figure 16 shows the resultant power spectrum for each of the sensors. The covered sensor did not measure the disturbance, indicating that the measured disturbance is not due to model vibrations. This was repeated while covering a different sensor with similar results. Experiments were then conducted to investigate the possibility that the measured low-frequency disturbance is an entropy-layer instability. The first experiment was to place a disruption just before the array of 3 pressure sensors at 0.61 meters. It was assumed that a physical disruption of the boundary layer would produce a change in a boundary-layer instability. STABL mean-flow computations predict a boundary-layer thickness of 5 mm. However, a disruption of nearly 4 mm (shown in Figure 17 ) produced no significant change in the power spectra. The next experiment was to make pitot pressure measurements at several locations off the model surface to determine the radial location of the maximum disturbance. Preliminary measurements were made with a Kulite pitot probe at axial locations of 0.58 and 0.62 meters on the cone-ogive-cylinder with the 28 and 30-degree nosetips. The distance from the center of the probe to the model surface for these measurements ranged from about 2 to 26 mm. At this axial location, STABL predicts the boundary-layer thickness on the cone-ogive-cylinder to be approximately 5 mm. Spectra for these pitot measurements showed no discernible instability inside the predicted boundary layer. However, at some point outside of the boundary layer for both axial locations, and with both nosetips, the power spectra show a peak near the 22 kHz frequency detected by the surface sensors. Figure 18 (a) shows the PSD for the cone-ogive-cylinder with the 28-degree nosetip at 0.58 meters. Measurements were only made at a few locations and future measurements are planned to fill in the gaps. However, the preliminary measurements show an instability magnitude at 16 mm above the model surface that is higher than at 6 or 26 mm. Figure 18 (b) shows the spectra further downstream, at 0.62 meters. At this axial location, the maximum instability seems to be closer to the model surface as shown by the peak in the spectra for the measurement at 6 mm. Figure 19 (a) shows the PSD for the cone-ogive-cylinder with the 30-degree nosetip at 0.58 meters. The highest magnitude instability among these preliminary measurements is 20 mm. Figure 19(b) shows the spectra at 0.62 meters. As in the 28-degree nosetip case, no instabilities were identified inside the predicted boundary-layer thickness, and the spectra appears to show the instability becoming closer to the model farther downstream.
These measurements are very preliminary, but the data suggest that any instability reaches a maximum above the predicted boundary layer height. This data, and the data indicating that the maximum disturbance location may be approaching the model, could be indicative of an entropy-layer instability that will eventually be swallowed up in the boundary layer. Measurements at additional axial and radial locations need to be taken to in order to better characterize and classify these low frequency disturbances. Computational comparisons to the experimental results are also needed.
IV. Towards improvement of turbulent spot generation on the nozzle wall of the BAM6QT
Transitional flow over a hypersonic vehicle produces pressure fluctuations which can impact the structural design of internal components, and has been shown to contain higher amplitude fluctuations than in fully turbulent flow. Since the transitional flow region can cover large portions of a hypersonic vehicle's body, 29 accurate modeling of the transition process and the underlying pressure fluctuations is useful for vehicle design. These fluctuations occur due to the intermittent passage of turbulent spots. Early turbulent spot models of transition assumed simple superposition of lateral merging of turbulent spots. However, Sandham's recent DNS computations of laterally merging turbulent spots in a supersonic boundary layer showed increased upwash at the merging tips, resulting in an inflectional velocity profile and production of new coherent structures.
30 Similar results were found at low speed by Makita and Nishizawa. Casper studied the pressure field of turbulent spots in a hypersonic boundary layer in the BAM6QT using a pulsed glow perturber at an axial location of z = 1.924 m from the throat. 33, 34 Casper was able to measure the development of instability wave packets and their eventual transition to turbulent spots along the nozzle wall boundary layer in the BAM6QT using a streamwise array of XCQ-062-15A Kulite pressure transducers. Unfortunately, the instability waves did not transition quickly enough, and measurements of laterally merging turbulent spots could not be made within the limitations imposed by the BAM6QT nozzle design. In order to measure laterally merging turbulent spots, a pulsed jet perturber was designed, based around a Parker 009-1669-900 pulse valve. 11 The new perturber was located at the same axial location as Casper's glow perturber. The perturber successfully produced high amplitude disturbances that transitioned prior to the first measurement location at z = 2.201 m. Unfortunately, the duration was longer than desired, resulting in ambiguity as to whether the disturbances were true turbulent spots or quasi-steady-state flowfields resulting from a transverse jet. Modifications to reduce the pulse duration were developed.
A. Pulsed Jet Perturber Modifications
Modifications were made to two parts of the perturber system: the electronics that powered the valve and the poppets internal to the valve. The valve electronics are based on a design from the Jonathan Amy Facility for Chemical Instrumentation (JAFCI) at Purdue. In order to drive the valve at microsecond time scales, a short duration 300V pulse on the order of 40-100 µs is used to actuate the soleniod at high speeds. This pulse is then followed by a low voltage level (5-8 V) to hold the valve open if a longer duration is desired. The minimum duration of the low voltage signal in the stock driver electronics was 120 µs from the beginning of the driving signal. During initial testing of the perturber system, using a driver borrowed from the Zwier group in Purdue's Chemistry department, it was realized that the holding voltage duration was the limiting factor for the performance of the system. During construction of new valve driver electronics the timing circuit was modified to allow the low voltage pulse to be completely eliminated from the signal. The triggering circuit was also modified to increase the repetition rate from 50 Hz up to 180 Hz and then again to 400 Hz. The new driver circuitry had an immediate impact on the performance of the system. Figure 20 shows the performance improvements due to the modified driver, built by AAE electronic technician John Phillips. The two samples are taken at a similar freestream Reynolds number, with a valve stagnation pressure of 80 psig, using the stock polyether ether ketone (PEEK) poppets. Further tuning of the valve driver found that an optimal high voltage pulse length was near 70 µs, but varied based on the poppet used and the adjustment of the valve. Additionally, the valve poppets were modified in an effort to reduce the valve-open time. Figure 21 shows the modification used, with an added 0.039 inch diameter cylindrical face. This face allowed the poppet to countersink within the body of the valve. It was hoped that the countersinking action would allow a portion of the valve travel to occur with the valve still sealed, reducing the total valve open time. The new poppets were tested with face depths between 0.003 and 0.011 inches and compared to results with a stock poppet. All of the poppets were tested at freestream unit Reynolds number of 12×10 6 /m. The valve is assembled by threading the body onto the valve coil with a 1/2-28 UNEF thread. The valve is then tightened under operation until pressurized air can be felt escaping the valve under operation. At this point the valve operation is tuned by feeling for the lightest possible burst of air, at which point the valve is locked into place. This results in difficulty in aligning the valve, as an adjustment of 10
• covers 20-33% of the total valve travel, and the procedure is subjective. Figure 22 shows the duration of the perturbations at z = 2.201 m as determined using a modified form of the method of Ching and LaGraff.
35 Due to the current alignment issues, it is unclear at this point whether the disturbance variation is due to the poppet modifications or valve alignment.
In order to alleviate the alignment difficulties, an alignment test bed was designed to improve the consistency of valve operation. Figure 23 shows the assembled tester sans pressure sensor. The new assembly will allow a pressure sensor readout to replace the tactile sensation test currently in use. Additionally, in an effort to reduce the time required for sufficient massflow to occur, the valve orifice area will be increased incrementally. The stock valve is rated to seal at 750 psig, which should allow for increasing the valve orifice area without a deterioration in the valve's ability to seal under tunnel pressurization. 
V. Conclusion
Temperature sensitive paint was used to visualize stationary crossflow vortices on a 7
• cone at 6
• angle of attack. Small roughness was added near the nosetip around the azimuth. Two tests were done to help determine if the applied roughness was generating the stationary vortices. First the cone was rolled approximately 10
• , and the vortices rolled with the cone with both sets of roughness spacings. Second, the leading edge of the paint was moved much further downstream than in previous tests in order to lessen any effect that the paint edge and the painted surface has on the generation of stationary vortices. When the spacing of the roughness was altered, the spacing of the stationary vortices was also altered. Therefore it appears that the roughness elements are dominating the generation of the stationary vortices.
The pulsed jet perturber saw improved performance as a result of modifications to the circuit driving the valve. Pulse duration was reduced from approximately 800-1000µs to 300-500µs when compared with previous testing. Further refinement is required in the alignment procedure to allow for more consistent performance from run to run. This will be accomplished via the newly built alignment test bed. Additional system modifications are being investigated in an effort to further reduce the pulse duration. Low-frequency disturbances in the predicted first-mode instability frequency range were measured on the surface of a coneogive-cylinder model in the BAM6QT. However, the peak disturbance frequency did not change with total pressure as predicted by computations. Additionally, since entropy-layer instabilities have a similar frequency range as the first-mode instability, experimental measurements off the model surface are being taken to determine if the measured low-frequency disturbance is an entropy-layer instability. Initial measurements show that the magnitude of the low-frequency disturbance on the cone-ogive-cylinder is greatest outside the boundary layer which may indicate an entropy-layer instability. Additional experiments and analysis is required to better classify these measured disturbances.
